The authors present a charge-dipole model for the calculation of the polarization of fullerenes and carbon nanotubes. By expressing the electrostatic interactions in terms of normalized propagators, the technique achieves a better consistency and an improved stability. In its most elementary form, the model depends on a single parameter and provides an excellent agreement with reference data. The technique is illustrated with a C 720 fullerene and enables one to quantify the role of free charges in the polarization of these structures. The positioning of these charges suggests that field-induced adsorption of small molecules should be enhanced at pentagonal rings and defects. 3,4 Because of their high aspect ratio, these structures turn out to be excellent field emitters as they provide high current densities for macroscopic fields of a few V/m. 5, 6 Carbon nanotubes are also likely to find applications as molecular sensors. [7] [8] [9] For the development of these applications, modeling the response of the nanotubes to a macroscopic electric field or to the field due to nearby molecules is therefore an important issue.
The authors present a charge-dipole model for the calculation of the polarization of fullerenes and carbon nanotubes. By expressing the electrostatic interactions in terms of normalized propagators, the technique achieves a better consistency and an improved stability. In its most elementary form, the model depends on a single parameter and provides an excellent agreement with reference data. The technique is illustrated with a C 720 fullerene and enables one to quantify the role of free charges in the polarization of these structures. The positioning of these charges suggests that field-induced adsorption of small molecules should be enhanced at pentagonal rings and defects. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2337524͔ Carbon nanotubes are characterized by exceptional mechanical, 1 thermal, 2 and electronic properties, which make them promising candidates for applications in nanoelectronics. 3, 4 Because of their high aspect ratio, these structures turn out to be excellent field emitters as they provide high current densities for macroscopic fields of a few V/m. 5, 6 Carbon nanotubes are also likely to find applications as molecular sensors. [7] [8] [9] For the development of these applications, modeling the response of the nanotubes to a macroscopic electric field or to the field due to nearby molecules is therefore an important issue.
In order to study the polarization properties of carbon nanotubes and fullerenes, we have developed a model in which each atom is described by both a net electric charge and a dipole. [10] [11] [12] This model came as an improvement of previous techniques, where only dipoles were considered. [13] [14] [15] [16] [17] [18] The consideration of net charges enables one indeed to address the fact that electrons in metallic structures move from one atomic site to the other in response to an external field. It also enables one to account for the accumulation of additional charges, which is essential for the modelization of field emission. 11 Compared to first-principle techniques, this model enables one to treat larger molecules with reduced computational resources, which is important in molecular dynamic simulations or for the development of technologies where complex molecular systems have to be considered.
This letter presents a formulation in terms of normalized propagators of this charge-dipole representation of nanotubes and fullerenes. Compared to our previous work, 11 this formulation improves the consistency of the technique and makes it numerically more stable. In its most elementary form, the model depends on a single adjustable parameter and provides an excellent agreement with other experimental or theoretical data. The letter starts with a presentation of the model. We then apply it to the calculation of the polarization of a C 720 fullerene. This enables one to quantify the role of free charges in the polarization properties of these structures.
We focus in this letter on sp 2 carbon materials and, in particular, on fullerenes and carbon nanotubes. Each atom is described by a charge q i and a dipole p i . In a reformulation of our previous work, [10] [11] [12] we express the total electrochemical energy E tot associated with a given distribution ͕q i , p i ͖ of charges and dipoles as
where the sums extend on the N atoms of the structure being considered. i stands for the electron affinity of each atom, V i for the relevant values of the external potential, and E for the external field. The actual values of q i and p i are those that minimize E tot . Charge neutrality is enforced by minimizing
The atomic charges q i are described by Gaussian distributions of the form i ͑r͒ = ͑q i / 3/2 R 3 ͒exp͑−͉r − r i ͉ 2 / R 2 ͒, where r i refers to the position of the atom i and R stands for the width of these distributions. Within this description, T q−q i,j is given by T q−q i,j = ͑1/4⑀ 0 ͒͑erf͓r i,j / ͑ ͱ 2R͔͒ / r i,j ͒, where r i,j is the distance between the atom i and the atom j. 19 The two other tensors are derived from T q−q i,j using T p−q i,j =−ٌ r i T q−q i,j and
These quantities are different from those relevant to our previous work, 10 where we applied a distance renormalization scheme to expressions relevant to point particles. This definition of the T p−q i,j and T p−p i,j is fully consistent with the concept of a dipole and describes rigorously the interactions between charges and dipoles, both of them being described by Gaussian distributions.
It can be checked that lim r i,j →0 T p−q i,j = 0, which is the result expected by symmetry. The second result is that
, which is the self-energy of the charge q i already used in our previous work. A final noticeable result is that −
3 ͒I͔p i , where I is the 3 ϫ 3 identity matrix. Since this must also be equal to the self-energy 
where R is the width of the charge distributions. This relation constitutes a significant methodological progress. It relates indeed the width of the charge distributions to the atomic polarizabilities, these quantities having been considered as independent in the past. It also implies that the charges and the dipoles are described by the same extension parameter R, which constitutes the single adjustable parameter of this model. From the comparison with experimental and other theoretical data, the parameter R was adjusted to a value of 0.686 203 99 Å, which corresponds to ␣ iso /4⑀ 0 = 1.214 900 1 Å 3 . The description presented so far refers to the most elementary form of our model ͑which we refer to by the notation Q + P Iso ͓R͔͒. One can actually relax this model so that R and ␣ iso become two independent parameters ͓the charges and the dipoles are then described by separate extension parameters and Eq. ͑2͒ actually applies to the extension R of the dipoles͔. A second relaxation of our model consists in the consideration of anisotropic atomic polarizabilities. These extensions of our model will be presented with more details in a separate publication. 20 In Table I , we compared the results achieved using the Q + P Iso ͓R͔ model with other experimental/theoretical data. 14, [21] [22] [23] [24] [25] The agreement is very satisfactory, considering the fact that there is a single adjustable parameter.
Besides consistency and agreement with other experimental or theoretical data, the main improvement of the current model is its numerical stability. Compared to our previous work, 11 the current technique is indeed more robust when changing the parameters of the models or the length of the C-C bonds. It has therefore a better ability to deal with structures presenting defects or being not built according to purely geometrical considerations. It can thus be applied to the study of large fullerenes, some of them including many defects, in a wide variety of configurations. This is illustrated in Fig. 1 where we represented a C 720 subject to a uniform external field of 1 V / nm ͑applied horizontally to the left of the figure͒. The figure represents the local values of the electric field and we compare results obtained considering only dipoles, see Fig. 1͑a͒ , or the chargeand-dipole model of this letter, see Fig. 1͑b͒ . When electric charges are not considered, the local fields point essentially in the direction of the external field. The picture is completely different when charges are considered. Because of the displacement of electric charges in the fullerene, the local fields turn out to be always perpendicular to the surface of the molecule, which is the result expected for a structure with mobile electrons. The molecular polarizability of the C 720 , as obtained by applying the charge-and-dipole model of this letter, is 2135 Å 3 , the charges q i contributing to a value of 1999 Å 3 and the dipoles to a value of 136 Å 3 . Electric charges thus appear to make a significant difference when studying the polarization of fullerenes, even when these structures are isolated in space. The direction of the local fields is indeed essential when studying the dynamics of nearby molecules, the forces that act on the fullerene itself, and the probability that electrons have to escape the fullerene by a field-emission process.
When studying more systematically the contribution of the charges and of the dipoles to the polarization of fullerenes, it turns out that charges are always responsible for the main contribution. Their contribution grows indeed linearly with the cube of the fullerene radius, while the contribution of the dipoles grows only with the square of this radius. It also appears that the accumulation of charges is higher in the vicinity of pentagons or defects ͑because of the curvature they induce on the structure͒. These results will be presented with more details in a separate publication.
In conclusion, the model presented in this letter achieves a better consistency as well as a better numerical stability than that obtained previously. It provides an excellent agreement with other experimental/theoretical data and enables one to study more systematically the polarization properties of carbon nanotubes and fullerenes. The results of this letter also provide important insight into the dynamics of nearby molecules. They suggest indeed that field-induced adsorption of these molecules should be enhanced at pentagonal rings and defects. The technique presented in this letter thus provides an efficient tool for studying these effects and determines the conditions that would optimize them. It is therefore not only useful in fundamental science but also as a means to develop future technologies.
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